Acetylcholine receptor (AcChoR) subunit mRNAs transcribed from mouse BC3H-1 cDNAs were in'ected into Xenopus oocytes and the expressed AcChoR channels were examined by single channel recording. Injection of a-, A8-, r-, and 8subunit mRNAs produced two predominant channel classes with conductances of =50 and -412 pS, while infrequent openings of -25-pS channels were also observed. Injection of a-, (3-, and y-subunit mRNAs produced a single class of ==12-pS AcChoR channels, which resembled the smallest conductance channels present in apy& inected oocytes. Assembly of -less channels may thus explain the lowest conductance AcChoR channels in aPyv-i iected oocytes and might also account for similar channels that have been observed in vertebrate skeletal muscle.
The nicotinic acetylcholine receptor (AcChoR) of vertebrate skeletal muscle is a channel-forming pentamer thought to be composed of either a2,fy8 or aJ8e subunits. The Xenopus oocyte expression system (1) (2) (3) has been used in recent years to explore the roles of different subunits in determining receptor properties. By this means it has been shown that two principal conductance classes (40 and 60 pS) of mammalian AcChoRs differ in subunit composition, the larger conductance channel having an E subunit in place of y (4) . It has also been reported that functional channels can be assembled when one of the subunits is missing. In the case of Torpedo AcChoRs, weak responses to AcCho were observed in some oocytes that were lacking y or 8 subunits (5, 6) . The single channel properties of receptors lacking y or 8 subunits have not been described. Although both kinds of receptors assemble less efficiently and the 8-less receptors have reduced agonist affinity (5) , the weak responses to AcCho might also reflect a reduced conductance or a briefer open time. We were interested in examining the properties ofthese receptors because they might offer an explanation for the small conductance channels (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) pS) observed in developing amphibian muscle (7, 8) . We injected mRNAs encoding the mouse a, 3, y, and 8 subunits into Xenopus oocytes and found that multiple conductance classes of channels were expressed on the oocyte membrane, and one of these, the smallest, is due to deletion of the 8 subunit.
MATERIALS AND METHODS
mRNA Preparation and Inection. The cDNA clones encoding mouse AcChoR subunits were generously provided by Jim Boulter (Salk Institute). mRNAs for a, (3, y, and 8 subunits were individually transcribed with SP6 polymerase. The plasmids were linearized with HindIII (clones BMA 407, BMB 49, and BMD 451 encoding a, A, and 8 subunits, respectively) or EcoRI (clone BMG 419, encoding fy subunit).
The transcription reactions were carried out under standard conditions (Promega) and typically contained 2-3 ug of linearized cDNA template. The transcripts were resuspended in nuclease-free water at a concentration of 200 ng/pAl (asubunit transcript) or 100 ng/,Al (J3-, y-, and 8-subunit transcripts). Samples were aliquoted and stored at -90'C until used. Oocytes were surgically removed from adult female Xenopus laevis frogs and were stored at 17'C in saline containing 115 mM NaCl, 1.5 mM KCl, 1.8 mM CaC12, 10mM Hepes (pH 7.4), and 50 ,ug ofgentamycin per ml (Sigma). The follicular envelope was mechanically removed from oocytes to be injected. The mRNA used for injection was premixed from equal volumes of stock solutions of the different subunits. Each oocyte was injected with 50 nl of mRNA mixture.
Electrophysiology. During electrophysiology experiments, the oocytes were continuously perfused with a solution containing 120 mM NaCl, 1 mM KCI, 1.8 mM CaC12, and 10 mM Hepes (pH 7.4). To elicit whole cell currents, the perfusing solution was switched to one containing AcCho (1-100 PLM). Oocytes were screened for responses to AcCho by using a conventional two-electrode voltage clamp (Axoclamp 2A). In aByS-injected or afy-injected oocytes, responses to AcCho were usually large enough by 1 day after injection to begin single channel studies. All single-channel data were obtained within 3 days after injection. Endogenous muscarinic responses to AcCho were observed in some oocytes, but they could be distinguished from the nicotinic currents by their delayed onset and repetitive oscillation in the current amplitude. To prepare the oocytes for single channel recording, they were placed in a hypertonic solution containing 200 mM potassium aspartate, 10 mM KCI, 10 mM potassium EGTA, and 10 mM Hepes (pH 7.4) for ==10 min prior to removal of the vitelline membrane (9) . Patch electrodes were filled with a solution containing 80 mM KF, 20 mM KCl, 10 mM potassium EGTA, and 10 mM Hepes (pH 7.4) (9). All recordings were obtained from outside-out patches (10) at room temperature (20'C-240C). To activate AcChoR channels, the bath was perfused with a solution containing AcCho (10-100 nM). The calcium concentration of the AcCho-containing solution was lowered to 0.5 mM (other salts unchanged), thereby reducing the activation of chloride currents by calcium entering through AcChoR channels (3). Single channel events were recorded by a List EPC/7 patch clamp amplifier, and stored on FM tape for off-line analysis. The procedures for data analysis were similar to those described (7) . Records from a8y3-injected oocytes were low-pass Bessel 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. were filtered at 1 kHz. The briefest openings accepted for kinetic analysis were either 300 ,us (2- AcCho-induced whole cell current was estimated to be -7.4 ± 4.3 mV in four oocytes. The AcCho-induced current rectified inwardly at negative membrane potentials, as reported by others for mammalian AcChoRs expressed in oocytes (11, 12) . Oocytes that responded to bath-applied AcCho with a substantial whole cell current were studied further by single channel recording using the outside-out patch configuration. In the absence of bath-applied AcCho, most patches exhibited little or no spontaneous channel activity. We routinely tested patches for the presence of stretch-activated channels by applying suction to the pipette. Patches that had stretch-activated channels or high levels of spontaneous activity were not used. In quiet patches, flooding the bath with 100 nM AcCho elicited channel activity, as illustrated in Fig. 2A , after a brief delay for fluid exchange. Single channel records revealed two major classes of high and low current levels, which differed in amplitude by z4-fold. The larger amplitude events were present in all patches studied. With strong hyperpolarization (-140 to -200 mV), the smaller amplitude events were also evident in most patches (9 of 13) and constituted ='1/3rd ofthe observed openings in those patches. At a holding potential of -180 mV, the average amplitude of the large events was -8.8 ± 0.7 pA (eight patches) as compared to -1.9 ± 0.5 pA (seven patches) for the small events. Examination of records, such as shown in Fig. 2B , suggests that both the low and high amplitude classes may be composed of two or more closely spaced amplitude levels. This is reflected in multiple peaks of the amplitude histograms ( (Left) and an a,3y-injected oocyte (Right). The patches were held at -180 mV for both sets of records and were exposed to 100 nM AcCho. Disregarding overlapping events, four discrete current levels can be distinguished in the af3y8 patch (see also Fig. 3 ), whereas only one current level is apparent in the a,3y patch, and it closely corresponds to that of the smallest events in the records on the Left. (Fig. 4) . The low amplitude class had a slope conductance of 11.7 pS, measured between -200 and -160 mV. The extrapolated reversal potential was -17.5 mV; however, there could be substantial error in this estimate because of the large extrapolation interval. These two classes are referred to as "50-pS" and "12-pS" channels.
The open duration histograms of the 50-pS channels displayed two components (Fig. 5) events in the histogram (54%) belonged to the slow component.
In addition to the two major amplitude classes, occasional intermediate events were seen that had a mean current of -4.8 ± 1.8 pA (five patches) at -180 mV. They were observed in 10 of 18 patches and constituted '15% of the events in those patches. The intermediate channels had a slope conductance of 25.8 pS with an extrapolated reversal potential of -6.9 mV (Fig. 4) . We did not analyze their kinetic properties. The conductance of these events is similar to that reported for stretch-activated channels in oocytes (9) . It is thus conceivable that the 25-pS events represent spontaneous openings of stretch-activated channels, which were not detected by application of suction to the pipette.
Effects of Subunit Deletions. Injection of oocytes with a-, (Fig. 1) . The reversal potential as measured from the peak currents in response to bath-applied AcCho was -7.0 ± 5.1 mV (five oocytes), which was comparable to that of the a3'y8-injected oocytes. The whole cell current-voltage relationships exhibited a strong inward rectification at negative membrane potentials (Fig. 1) . Inward rectification of whole cell currents has also been observed in 6-less Torpedo AcChoRs expressed in oocytes (13) . Bath application of AcCho elicited single channel activity with a delay comparable to that of a,3y8-injected oocytes ( Fig. 2A) . Single channel records exhibited a single amplitude class of events (Figs. 2B and 3), with a mean current of -1.4 ± 0.2 pA (eight patches) at -180 mV. The current-voltage relationship of these channels was parallel to that found for the 12-pS class of channels in aq3y8-injected oocytes (Fig. 4) .
The channels had a slope conductance of 12.7 pS (between -200 and -100 mV) and an extrapolated reversal potential of -70.0 mV. We noticed a systematic tendency of the current amplitudes of the 8-less channels to be slightly lower than those of the low-conductance channels in oocytes injected with all subunits. Comparison of the histograms in Fig. 3 suggests that the 8-less channels may represent the smaller of two closely spaced small conductance classes of AcChoR channels present in oocytes injected with all subunits.
As found for channels in aq3y8injected oocytes, open duration histograms of the 8-less channels revealed two kinetic components, which were well described by the sum of two exponential functions (Fig. 5) [16] [17] [18] [19] . Boxes 1 and 2 enclose the postulated cytoplasmic rings of negative charge, and box 3 encloses the extracellular ring. The Y subunit is unusual in that it contains a lysine (K+) rather than aspartate (D-) at position 1 and it contains a polar glutamine (Q) rather than glutamate (E-) at position 2. It also differs from a and j3 subunits in having lysine (K+) rather than glutamate (E-) or aspartate (D-) at position 3. Proc. Natl. Acad Sci. USA 87 (1990) ML tance. Unmodified Torpedo receptors, like the 50-pS channels described here, did not rectify appreciably (14) .
In addition to subunit stoichiometry, there are other possible sources of conductance heterogeneity. Native AcChoRs are reported to have one or more subconductance states (20) (21) (22) (23) (24) , and a recent study of y-aminobutyric acid type A channels expressed in oocytes (25) showed that a homomeric channel can have multiple conductance states. In such cases, the channels invariably exhibit direct transitions between different conductance levels. Since we saw no evidence in our records of direct transitions between conductance levels, our data do not support this explanation of conductance heterogeneity. It might also be argued that additional conductance levels could result from second messenger actions. However the outside-out patch configuration would be expected to wash out cytoplasmic second messengers, and the extracellular and pipette solutions were adjusted to minimize increases in calcium concentration inside the patch due to the opening of AcChoR channels. A further consideration in explaining conductance heterogeneity is posttranslational processing. AcChoRs undergo glycosylation, acylation, and phosphorylation (26); however, the effects, ifany, ofthese modifications on channel conductance are presently unknown.
Recordings from BC3H-1 cells (27) have not revealed multiple conductance levels of AcChoRs such as we observed in oocytes; however, AcChoR channels with conductances lower than 40 pS have been reported in Xenopus muscle in vivo (7, 8, 28) and in denervated mouse muscle (29) . One of these, a 25-pS channel, has been well characterized in developing Xenopus muscle (8) . In some recordings, this is the predominant channel type, suggesting that it may play a significant role in neurotransmission. There is also evidence for a smaller conductance class in Xenopus muscle, which corresponds to the 12-pS channels reported here (28) . These observations suggest that the multiple classes of AcCho channels expressed in oocytes represent variations in receptor properties that occur normally in muscle.
